We examined the role of small Hsp genes (Hsp23 and Hsp40) and heat shock gene Hsr-omega in the thermoadaptation of Drosophila melanogaster inhabiting a highly heterogeneous microsite (Nahal Oren canyon, Carmel massif, Israel). We tested whether interslope differences in Drosophila thermoadaptation, revealed in our previous studies, are associated with the differential expression of these genes. Our results demonstrate an increased expression of the Hsp40 gene in thermotolerant lines subjected to mild heat shock treatment (P , 10 À6 , analysis of variance test). A high positive correlation was found between the levels of Hsp40 expression and scores of basal (R 5 0.74; P , 0.001, based on the Spearman rank correlation test) and induced thermotolerance (R 5 0.78; P , 0.0001), implying a significant contribution of Hsp40 gene in thermoadaptation. Key words: basal and induced thermotolerance, Drosophila, gene expression, heat shock protein genes Adaptation, a process that ensures the organisms' survival and reproductive success is based on variation in morphology, physiology, and behavioral traits. Both phenotypic and genotypic changes play an important role in the formation of adaptive reactions. Examination of latitudinal and altitudinal variation in populations' genetic divergence allows the investigation of animal adaptations to different environments. Geographic variation of adaptive reactions is common in nature (Mayr 1963) . Many research groups have focused their work on the differentiation along natural ecological gradients in Drosophila populations (Cohan and Graf 1985; Costa et al. 1992; James et al. 1997; Robinson et al. 2000; de Jong and Bochdanovits 2003; Hoffmann and Weeks 2007) . Latitudinal clines in resistance to heat, cold, and changes of genetic markers of partially isolated populations were reported recently, implying a genetic basis for diverse resistance Gilchrist et al. 2004; Anderson et al. 2005; Hoffmann et al. 2005; Umina et al. 2005; Sarup et al. 2006) . The problem of such geographic comparisons is in the complexity of regarded systems caused by significant distances between locations and the corresponding variation of biotic and abiotic factors (climatic differences, relief variability, light regimes, etc.). Stressful conditions may also lead to local adaptation and genetic differentiation, even if there is considerable gene flow between geographically overlapping (sympatric) populations inhabiting ecologically contrasting microniches. A sympatric speciation scenario still remains a challenging and controversial issue in discussions on evolutionary processes. The idea that sympatric differentiation may be a common mechanism underlying speciation has became acceptable only in the last decades (Bush 1975; Rosenzweig 1978; Jiggins and Mallet 2000; Turelli et al. 2001; Via 2001; Mallet 2001; Schluter 2001; Gavrilets 2003; Jiggins 2006) . Recent studies suggest that the earliest stages of speciation in natural groups could be observable. For example, geographical patterns for life-history traits and body size in D. buzzatii indicated that short-range geographical variation could be maintained by local climatic selection (Bubliy and Loeschcke 2005) . The distance range in this study was just a few kilometers and gene flow should not be excluded from consideration. The present study addresses the problem of local adaptation using Drosophila melanogaster flies from a highly heterogeneous microsite, Lower Nahal Oren canyon, Carmel massif, Israel (referred to as ''Evolution Canyon'') as a natural model. The north-facing and south-facing slopes (NFS and SFS, respectively) of Evolution Canyon (EC) that are only 400 m apart at the top and 100 m apart at the bottom, greatly differ in climatic regimes and represent dramatic biotic contrasts due to higher solar radiation and illumination on the SFS compared with the NFS (Pavlíček et al. 2003) . The NFS has comparatively lush vegetation of European origin, whereas the SFS is an open park forest or xeric savanna, primarily of African and Asian origin. Strong abiotic contrasts on the opposite slopes have considerable consequences for species composition and population genetic structure in a diversity of organisms (Nevo 1995 (Nevo , 1997 (Nevo , 2001 Lamb et al. 1998; Saleem et al. 2001; Sikorski and Nevo 2005) , including several Drosophila species Harry et al. 1999; .
Adaptation, a process that ensures the organisms' survival and reproductive success is based on variation in morphology, physiology, and behavioral traits. Both phenotypic and genotypic changes play an important role in the formation of adaptive reactions. Examination of latitudinal and altitudinal variation in populations' genetic divergence allows the investigation of animal adaptations to different environments. Geographic variation of adaptive reactions is common in nature (Mayr 1963) . Many research groups have focused their work on the differentiation along natural ecological gradients in Drosophila populations (Cohan and Graf 1985; Costa et al. 1992; James et al. 1997; Robinson et al. 2000; de Jong and Bochdanovits 2003; Hoffmann and Weeks 2007) . Latitudinal clines in resistance to heat, cold, and changes of genetic markers of partially isolated populations were reported recently, implying a genetic basis for diverse resistance Gilchrist et al. 2004; Anderson et al. 2005; Hoffmann et al. 2005; Umina et al. 2005; Sarup et al. 2006) . The problem of such geographic comparisons is in the complexity of regarded systems caused by significant distances between locations and the corresponding variation of biotic and abiotic factors (climatic differences, relief variability, light regimes, etc.). Stressful conditions may also lead to local adaptation and genetic differentiation, even if there is considerable gene flow between geographically overlapping (sympatric) populations inhabiting ecologically contrasting microniches. A sympatric speciation scenario still remains a challenging and controversial issue in discussions on evolutionary processes. The idea that sympatric differentiation may be a common mechanism underlying speciation has became acceptable only in the last decades (Bush 1975; Rosenzweig 1978; Jiggins and Mallet 2000; Turelli et al. 2001; Via 2001; Mallet 2001; Schluter 2001; Gavrilets 2003; Jiggins 2006) . Recent studies suggest that the earliest stages of speciation in natural groups could be observable. For example, geographical patterns for life-history traits and body size in D. buzzatii indicated that short-range geographical variation could be maintained by local climatic selection (Bubliy and Loeschcke 2005) . The distance range in this study was just a few kilometers and gene flow should not be excluded from consideration.
The present study addresses the problem of local adaptation using Drosophila melanogaster flies from a highly heterogeneous microsite, Lower Nahal Oren canyon, Carmel massif, Israel (referred to as ''Evolution Canyon'') as a natural model. The north-facing and south-facing slopes (NFS and SFS, respectively) of Evolution Canyon (EC) that are only 400 m apart at the top and 100 m apart at the bottom, greatly differ in climatic regimes and represent dramatic biotic contrasts due to higher solar radiation and illumination on the SFS compared with the NFS (Pavlíček et al. 2003) . The NFS has comparatively lush vegetation of European origin, whereas the SFS is an open park forest or xeric savanna, primarily of African and Asian origin. Strong abiotic contrasts on the opposite slopes have considerable consequences for species composition and population genetic structure in a diversity of organisms (Nevo 1995 (Nevo , 1997 (Nevo , 2001 Lamb et al. 1998; Saleem et al. 2001; Sikorski and Nevo 2005) , including several Drosophila species Harry et al. 1999; .
The geographical conditions of the canyon permit easy interslope mixing of flies by migration (Pavlíček et al. 2008) . Nevertheless, significant interslope divergence was established at EC involving habitat choice, thermal and drought tolerances, mate choice and sexual behavior, and candidate genes related to stress reactions Rashkovetsky et al. 2000 Rashkovetsky et al. , 2006 Iliadi et al. 2001; Michalak et al. 2001; Lupu et al. 2004; Singh et al. 2005; Zamorzaeva et al. 2005 Zamorzaeva et al. , 2009 Korol et al. 2000; . Michalak et al. (2001) , Colson (2002) , and Schlötterer and Agis (2002) tested the genetic differentiation in D. simulans and D. melanogaster originating from EC by means of molecular markers. The obtained results were inconsistent and motivated the changeover from neutral marker loci to relevant candidate genes presumably involved in selection-driven differentiation (for a discussion, see . Drosophila flies inhabiting the SFS encounter a more severe environment (higher temperature and insolation regimes) and apparently have developed higher thermotolerance than flies derived from the opposite NFS.
Multiple tests carried out on Drosophila cell cultures and whole organisms have defined genes encoding for heat shock proteins as possible candidate genes contributing to thermotolerance. The response to heat stress, characterized by the induction of heat shock protein genes (Hsps) expression, was discovered initially as a new puffing pattern upon heat shock in Drosophila polytene chromosomes (Ritossa 1962) . Increased synthesis of heat shock proteins (Hsps) was described as a general cellular response to elevated temperatures and other forms of stresses (reviewed in Lindquist 1986). Hsps were described later as molecular chaperones minimizing the probability of inappropriate protein interactions (Gething and Sambrook 1992; Hartl 1996; Feder and Hoffmann 1999) . Hsp genes are highly conserved and present in all existing species from archeabacteria to mammals, providing an excellent target for evolution of stress response studies. Hsp genes are considered an important component of the molecular mechanisms ensuring protection against a variety of environmental stresses. Stress-regulated heat shock transcription factor (Hsf) plays a central role in transcriptional regulation of heat shock response in eukaryotes (reviewed in Wu 1995; Jedlica et al. 1997; Pirkkala et al. 2001) . Hsf protein occurs in unstressed cells in the non-DNA-binding form and, being activated by stress, transforms to a trimeric form that can bind to promoters of Hsps.
In Drosophila, increased tolerance to severe heat stress can be induced by prior exposure to moderate heat treatment. Flies preheated by moderate temperatures survive acute temperature stress better than untreated flies (reviewed in Hoffmann et al. 2003) . Studies of different Drosophila species revealed a statistically significant positive correlation between basal thermotolerance and hardening capacity (Kellett et al. 2005) . Thermohardening responses appear to be associated with the expression of Hsp70, the most abundant Hsp induced in treated cells and the most extensively studied. Other Hsp genes, especially so-called ''small'' Hsps, are much less studied.
The present work aimed to evaluate the possible role of small Hsp genes (Hsp23 and Hsp40) and heat shock gene Hsr-omega in the thermal adaptation of D. melanogaster. Are interslope differences in Drosophila thermoadaptation (revealed in our previous studies) are associated with the differential expression of these genes? The potential contribution of Hsr-x and Hsp23 to fly thermotolerance has been discussed in a few studies (McColl et al. 1996; Otsuka et al. 1997; McKechnie et al. 1998; Hoffmann et al. 2003) , however, little is known about the role of Hsp40. Modern genomic tools (DNA microarrays) contribute to the identification of candidate genes that are involved in thermal adaptation. Such studies include Hsp40 in the list of genes upregulated during heat shock (Sonna et al. 2004; Collier et al. 2006 ). Our results demonstrate an increased expression of Hsp40 in thermotolerant Drosophila lines subjected to mild heat shock treatment compared with less tolerant lines. We found a positive correlation between Hsp40 expression levels and mean scores of basal and induced thermotolerance, implying a possible contribution of Hsp40 in molecular mechanisms of adaptation to heat stress.
Materials and Methods

Sample collection and heat treatments
Wild-type D. melanogaster females were sampled during August-October 2004 at 2 mid-stations (90 m above sea level) on the NFS and SFS of EC. Isofemale lines were established from females inseminated in nature and maintained in 120-ml bottles under standard conditions (25°C; ca. 40% mean relative humidity; standard cornmealsugar-agar medium). To examine patterns of Hsp genes and Hsr-omega expression and estimate the association between basal and/or inducible thermotolerance and genes expression, we studied the response of D. melanogaster lines from the opposite EC slopes to temperature treatments. The experiment included a pretreatment (''P'' variant, hardening) by moderate temperature stress (36°C), a treatment using severe stress (''T'' variant, 39.5°C), and a pretreatment followed by treatment (combined treatment is referred to as ''PT'' variant). Ten independent replicates of the experiment were conducted to test whether inducible thermotolerance is characteristic for D. melanogaster adults and whether the origin slope affects this adaptive reaction. Expression of Hsp23, Hsp40, and Hsr-omega was examined after a heat treatment (36°C applied for 60 min). In parallel with expression analysis, flies survival after the applied heat shock was tested on the same lines (males and females separately) with or without prior hardening, based on previous Drosophila thermotolerance tests (Loeschcke and Krebs 1997; Krebs and Feder 1998; Bettencourt et al. 1999; Rashkovetsky et al. 2006) .
After a light CO 2 anesthesia, 5-day-old flies were sorted by sex into groups of 15, and each group was transferred to 22 Â 95-mm glass vials containing 1 g of medium. After an additional day at 25°C, the vials were stoppered with cotton plugs, inverted, and fastened to plastic racks, which were submerged in a circulating water bath (GFL-1083; Gesellschaft fur Labortechnic mbH, Burgwedel, Germany) regulated within 0.3°C. Flies survival was scored 24 h after the heat treatments as the proportion of flies exhibiting response to touching with a paint brush. Ten replicates were employed to test whether the acquired thermotolerance is characteristic for D. melanogaster flies at the adult stage and whether the slope of origin affects the adaptive reaction. Heat treatments were 1. Heat Shock Treatment (T): 39.5°C for 30 min (water bath), followed by transfer to standard room temperature (25°C) for 24 h. 2. Hardening (heat pretreatment) (P): 36°C for 1 h in the water bath with further maintaining at standard culture temperature (25°C) for 24 h. 3. Heat Pretreatment þ Heat Shock Treatment (PT): 36°C for 1 h (water bath), followed by a cooling down at 25°C for 1 h, and then severe heat shock treatment by 39.5°C applied for 30 min (water bath).
The above scheme was performed in replicated tests; each replication included 12 variants: ''population'' (SFS or NFS) Â ''treatment'' (P, PT, or T) Â ''sex'' (males or females). To assess the effect of hardening treatment on genes expression, separate groups of flies were treated by 36°C for 1 h in the water bath. The treated flies were frozen in liquid nitrogen after cooling at 25°C for 0, 30, or 60 min and then transferred to À80°C for further RNA extraction.
Expression analysis
Expression of Hsp genes (Hsp23 and Hsp40), and heat shock gene Hsr-x was analyzed in flies treated by 36°C. Untreated samples served as control, Rp49 (Ribosomal protein L32) was used as a reference gene. RNA samples were prepared by standard procedure using TRI Reagent (Molecular Research Center, Inc., Cincinnati, OH). Extracted RNA was diluted in diethyl pyrocarbonate-treated water (Beit-Haemek, Israel) and stored at À80°C until analysis. Blotting, northern hybridization with digoxigenin (DIG)-labeled probes and detection procedures were performed using reagents from Roche Applied Science Company (Mannheim, Germany), following the manufacturer's manual with slight modifications. Briefly, RNA samples (6 lg/lane) were subjected to electrophoresis in a denaturing 1% agarose-formaldehyde gel, in TBE buffer at 50 V. After running electrophoresis, gel was washed once for 20 min with 0.05 N NaOH, twice for 15 min with double-distilled water, and once for 20 min with 20 Â standard saline citrate (SSC). RNA samples were transferred from gel to Hybond-Nþ membrane (Amersham Pharmacia Biotech AB, Uppsala, Sweden). The membranes were then hybridized overnight by the DIG-labeled probe at 50°C and after that washed twice in 2 Â SSC at 25°C and twice for 20 min in 0.2 Â SSC at 68°C. Chemiluminescent detection was performed using the DIG Luminescent detection kit (Roche Applied Science) in accordance with the manufacturer's protocol. Densitometric analysis of the resulting blots was implemented using Scion Image Software (public domain). DIG-labeled fragments of D. melanogaster Rp49, Hsp23, Hsp40, and Hsr-x genes served as hybridization probes. The unlabeled fragments were produced by PCR amplification and gel purification using Promega spin columns. The purified products served as a template for labeling reamplification reaction using PCR DIG Probe Synthesis Kit (Roche Applied Science). Primers for PCR and parameters of CYCLER program were designed based on literature data, the OLIGOS program, and some of our preliminary experiments (Table 1) .
Data analysis
Average relative gene expression levels for each isofemale line were calculated based on densitometric data: 
1. Relative gene expression in particular line for a single northern blot (
where i denotes Drosophila line number; n-the number of lanes in the present blot; G 
Results
Thermotolerance
Laboratory tests of EC flies showed that mean thermotolerance of the SFS lines was higher than that of the NFS lines in both basal (''BT,'' survival after T treatment) and inducible (''IT,'' survival after PT treatment) thermotolerance (Figure 1) . Consistent with prior studies (Lupu et al. 2004; Rashkovetsky et al. 2006; , pretreatment increased the mean thermotolerance in every comparison. The difference between inducible and basal thermotolerance scores for the SFS sample exceeds the difference between inducible and basal thermotolerance for the NFS sample.
The effects of the ''slope,'' ''treatment,'' and ''gender'' on the flies' thermotolerance were tested by log-linear analysis (Table 2 ). These factors were proved to affect survival. Interactions slope Â treatment and treatment Â gender were stronger than slope Â gender. We found strong interactions between all 3 factors. A significant difference was revealed between individual replicates, probably reflecting the stochastic effects of noncontrolled environmental conditions, but this factor did not interfere with other tested factors. The influence of slope and gender factors on basal thermotolerance was also tested in EC flies using log-linear analysis (not shown in the table): strong effects of slope and gender were found (for both P , 10 À6 ), whereas no slope Â gender interaction was established.
An analysis within each slope revealed significant between-line variability in the effect of heat treatment on flies' survival (Table 3, Figure 2A ,B). The effect of pretreatment (i.e., the difference between basal and inducible thermotolerance) was higher in SFS lines compared with NFS (SFS flies were more responsive to hardening). Thus, there is no discrepancy in the difference of significance levels observed for treatment factor in SFS and NFS flies. Males' survival significantly exceeded the survival of females, especially in SFS flies. A thorough analysis of isofemale lines confirmed the pattern previously revealed in the between-slope comparison: a significantly higher inducible thermotolerance in SFS lines compared Figure 1 . Basal (BT) and inducible (IT) thermotolerance of Drosophila melanogaster flies from the opposite EC slopes. ¤-Indicates the significant difference between NFS and SFS flies in basal thermotolerance (P , 0.01); *** and **-the significant protective effect of pretreatment for SFS (P , 0.001) and NFS (P , 0.01) flies, respectively. Mann-Whitney and Kruskall-Wallis tests were used for pairwise and multiple comparisons, respectively. with NFS (see Figure 1 ). However, 2 exceptions were detected. Lines N1 (derived from the NFS) and S9 (derived from the SFS) displayed a reaction pattern peculiar to lines originated from the opposite (relative to their own origin) slope. We suggest that flies from lines N1 and S9 are either migrants or descendants of recent migrants from the opposite slope. Similar proportions of flies manifesting ''stranger'' patterns were found in assortative mating studies (Singh et al. 2005) , DNA repair efficiency and thermotolerance in D. melanogaster from EC (Lupu et al. 2004 ).
As expected, posterior reclassification of lines to ''sensitive'' (all NFS and S9 lines) and ''tolerant'' (all SFS and N1 lines) groups has increased the difference in flies thermotolerance between the compared groups and resulted in a lower intragroup variation compared with classification based only on the flies' origin (F 5 344.2/34.4 (%10), P , 0.024 for tolerant lines; F 5 380.1/23.0 (%17), P , 0.009 for sensitive lines (comparison of corresponding v 2 components, not shown in Tables). The difference between tolerant and sensitive lines in the significance levels for the treatment factor can be explained by a higher responsive ability of tolerant lines to preliminary hardening (Table 4 ). Interaction of the tested factors was more significant in the case of sensitive lines. The contribution of gender and treatment factors to flies survival was significant only in tolerant lines. However, the gender effect on basal thermotolerance in both groups was significant (P , 10 À6 , not shown in Tables) .
A comparison of basal and inducible thermotolerance in lines N1 and S9 (lines that displayed atypical to their slopes patterns) with typical sensitive (NFS pattern) and tolerant (SFS pattern) lines revealed significant differences and, therefore, the idea that flies from lines N1 and S9 are recent migrants (or their descendants) from the opposite slopes was corroborated.
Northern blot analysis
In order to answer the main question of the present study, whether fly adaptation to heat shock is associated with heat shock genes expression, total RNA was isolated at 0, 30, and 60 min after the treatment of flies by hardening temperature (36°C applied for 1 h). Pooled samples were examined for time-dependent expression of heat shock protein genes Hsp23, Hsp40, and heat shock gene Hsr-x. The maximal expression levels of Hsp23, Hsp40, and Hsr-x were detected in RNA samples extracted 60 min after the heat treatment ( Figure 3 ). Therefore, a 60-min time interval subsequent to heating was chosen for further tests of genes expression. RNAs were analyzed in treated (36°C, 1 h) and untreated samples, in 6 repeated experiments, separately for males and females of each line. Expression levels were examined in flies maintained under standard conditions (control) and compared with expression in flies treated by elevated temperature (36°C for 1 h) and recovered for 1 h at standard (25°C) temperature. Weak expressions of Hsp40 and Hsr-x at 25°C were observed in only one of 6 replications, whereas weak or almost no expression of Hsp23 was found in untreated flies from both EC slopes (Figure 4) . A significant upregulation of all tested genes was found in treated flies. These results suggest relatively low expression of the tested genes in adult Drosophila maintained at normal conditions and upregulation of the expression following heat treatment. A significant difference between treated and untreated flies from both EC slopes was found using nonparametric Kruskal-Wallis test with posttest analysis. No gender or slope effects on genes basal expression were detected.
The most evident reaction to temperature stress was displayed by Hsp23 in flies from both EC slopes (band ;900 bp), but no significant difference was found between SFS and NFS lines (Figure 4) . Hsp23 was almost not expressed in untreated flies. Likewise, no significant effect of gender was found. In line with previous findings (Hogan et al. 1995) , 3 Hsr-x transcripts were found in our analysis, specified as Omega-N (about 14 kb), Omega-pre-c (;1900 bp), and Omega-c (;1200 bp). Because Omega-N and Omega-pre-c RNA bands were found less consistent, only omega-c transcripts were assessed and analyzed for quantitative comparisons. Increased expression of Hsr-x was observed in treated flies from both EC slopes (Figure 4 ), but neither slope nor gender or line effects were significant.
Hsp40 gene was expressed as a doublet of bands (;1900 and ;2100 bp), corroborating published data (Adams et al. 2000) . A higher level of Hsp40 expression was manifested by SFS-treated (36°for 1 h) lines compared with NFS-treated lines (Figure 4 ). The slope effect was significant (Table 5) . However, 2 lines (N1 and S9) displayed the converse pattern: Hsp40 was highly expressed in line N1 (from NFS) and weakly expressed in line S9 (from SFS), in correspondence to the aforementioned results on flies survival after severe heat chock treatment. After the reclassification of lines as tolerant and sensitive (in accordance with their thermotolerance), differences between the groups in Hsp40 expression became more evident (Table 5) . A strong positive association was found between Hsp40 expression and both basal and inducible thermotolerance in D. melanogaster lines (Table 6 ), but no correlation was found between the expression of other tested genes and thermotolerance.
Discussion
Recent microarray studies have shown that Hsps are generally upregulated after mild heat treatment (Sonna et al. 2004; Sørensen, Nielsen, et al. 2005; Collier et al. 2006) . The association between heat shock genes expression and the thermotolerance pattern is of particular interest to our project on microclimatic adaptation. In the present study, significant interslope differences in basal and inducible thermotolerance have been shown for D. melanogaster lines Figure 4 . Representative northern blots with Drosophila melanogaster total RNA (6 lg/lane) showing an increase in the level of transcripts of Hsp23, Hsp40, and heat shock gene Hsromega in response to 36°C treatment during 1 h. The flies were frozen 60 min after heat treatment. RP49 was used as a reference gene. Hybridization was done with DIG-labeled probes specific for the respective genes. derived from the EC. Similar results were demonstrated in previous tests of D. melanogaster adaptive interslope differentiation for thermotolerance (Lupu et al. 2004; Rashkovetsky et al. 2006) . SFS flies exceeded NFS flies in basal and inducible thermotolerance after various heat treatments, regardless of whether synthetic populations, isofemale lines, or inbred lines were compared. These differences were stable despite year-to-year and seasonal variation in environmental conditions and persisted over several years, demonstrating good stability of the thermotolerance pattern for D. melanogaster populations in EC.
Other tests for interslope divergence of Drosophila from EC included morphological characters, habitat choice, mate choice, drought and starvation tolerances, adaptive genes, and mobile elements Rashkovetsky et al. 2000; Korol et al. 2000; Iliadi et al. 2001; Michalak et al. 2001; Lyman et al. 2002; Singh et al. 2005; Wayne et al. 2005; Drake et al. 2005; ; but see also Schlötterer and Agis 2002; Colson 2002; and Panhuis et al. 2003) . In light of cited studies, our finding on interslope differences in flies' thermotolerance correlated with Hsp40 expression, suggests that Hsp genes may play an important role in microclimatic adaptation of Drosophila in EC.
Flies from both EC slopes manifested increased heat tolerance when severe heat shock stress was applied after the pretreatment by moderate temperature stress compared with flies subjected to severe stress without prior hardening. Changes in the mean of thermotolerance in pretreated and nonpretreated flies were greater for SFS than for NFS flies (see Tables 1 and 2 ). Thus, despite the absence of a geographical barrier between the slopes and an established interslope migration (Pavlíček et al. 2008) , SFS flies have presumably evolved an ability to utilize the hardening mechanisms for protection from severe temperature stresses more efficiently than NFS flies. Because high temperature has a major impact on flies survival and the EC slopes are dissimilar in temperature regimes, insolation, and humidity (Pavlíček et al. 2003) , the observed variation in flies' thermotolerance might be a part of a complex microclinal adaptation pattern in the canyon.
A posteriori reclassification of flies to tolerant and sensitive groups (based on thermotolerance scores of NFS and SFS lines) resulted in higher intragroup homogeneity with a lower level of basal thermotolerance in sensitive compared with tolerant lines. Previous studies have shown that heat-adapted Drosophila lines exhibited higher basal thermotolerance and a reduced hardening response Zatsepina et al. 2001; . This indicates that some kind of ''swapping'' relationship may exist between basal and inducible thermotolerances. However, Garbuz et al. (2003) have found that D. virilis originated from an especially warm climate displayed a strong inducible thermotolerance, whereas an inducible heat tolerance was not detected in D. lummei inhabiting low-temperature areas.
Although the adaptation of Drosophila to thermal regimes and extremes has been studied for many years (for review, see Hoffmann et al. 2003) , until now it is unclear which characteristics of the thermal environment are the most important agents of thermal selection. Perhaps mid-annual temperatures are not among the key selection factors, whereas extreme values of temperatures may play an essential role. Environmental differences can promote various adaptive mechanisms and survival strategies to withstand heat stress. For example, clinal variation in thermotolerance over short geographical distances suggests strong adaptive differentiation in D. buzzatii from the New World (Sørensen, Norry, et al. 2005) . Population differentiation along natural thermal gradients in Drosophila was established by V. Loeschcke and A. Hoffmann groups (Hoffmann et al. 2005; Sarup et al. 2006) . Heat shock proteins were described as important factors of adaptation to temperature extremes (Feder and Hoffmann 1999; Hoffmann et al. 2003) . The majority of heat shockassociated proteins most likely act as molecular chaperones preventing protein dysfunction (Walter and Buchner 2002; Morrow et al. 2006) .
In the present work, we have found increased levels of Hsp23 and Hsr-x expression 1 h after the applied heat treatment in both thermotolerant and nontolerant (sensitive) groups, whereas no difference was found between SFS and NFS flies in expression of both Hsp23 and Hsr-x genes. Hsp23 belongs to the group of small heat shock proteins with conserved C-terminal a-crystallin domain (de Jong et al. 1998) . Hsp23 gene was found to be induced during heat stress as well as during chilling (Otsuka et al. 1997; King and Tower 1999; Qin et al. 2005) . The Hsp23 function is associated with the prevention of heat-induced aggregation of proteins and maintenance of heat-denatured protein in refoldable state (Morrow et al. 2006) . Thermo-associated latitudinal cline in frequencies of certain Hsp23 alleles was revealed in the D. melanogaster natural population of eastern Australia (Frydenberg et al. 2003) . Regulation of Hsp23 is rather complicated due to differential expression of the Hsp23 chaperone during Drosophila embryogenesis (Marin et al. 1993; Michaud et al. 1997; Michaud and Tanguay 2003) . These findings indicate the involvement of Hsp23 in the Drosophila response to thermal stress.
There are 2 types of RNA of heat shock gene Hsr-x: cytoplasmic (c-hsr-omega) and nuclear (n-hsr-omega) (Bendena et al. 1989; Hogan et al. 1995) . Allelic variation and expression of nuclear and cytoplasmic transcripts of Hsr-x are closely associated with thermal phenotype in Drosophila (McKechnie et al. 1998 ). Studies of Hsr-x expression suggest that RNA molecules are the main product of this gene (no protein is expected based on its rather short open reading frame). Like Hsp23, Hsr-x is involved in Drosophila reaction to both heat and cold extremes (Pardue et al. 1990; McColl et al. 1996; Anderson et al. 2003) , and its upregulation depends on tissue type and life stage (Lakhotia et al. 2001) . Latitudinal cline of Hsr-x allele frequencies revealed along the east coast of Australia was closely associated with thermal phenotype (McKechnie et al. 1998; McColl and McKechnie 1999) . Association of Hsr-x with heat tolerance was demonstrated in specific deletion line study: mutant Drosophila flies lacking the Hsr-x fragment could not grow at elevated (31°C) temperature in contrast to wild-type flies (Pardue et al. 1990) .
A mild constitutive expression of Omega-C (c-hsr-omega) was found in the present study: expression level increased significantly after the heat treatment, whereas expression of Omega-N (n-hsr-omega) transcript was weak and inconsistent. Previous research (Hogan et al. 1995) has demonstrated strongly increased expression of n-hsr-omega transcript after the applied mild heat shock: RNA accumulation was observed 4 h after the heating procedure. In this work, we examined the expression pattern using RNA extracted from whole organisms, whereas in the Hogan et al. study, the expression level of n-hsr-omega was scored on cell cultures; this difference between the protocols may explain some dissimilarity in the obtained results. Another heat treatment time (shorter than in the Hogan et al. study) and the long recovery time in our experiments could also be a cause of relatively low n-hsr-omega expression. High c-hsr-omega constitutive expression levels and low n-hsr-omega expression rates were found in D. melanogaster lines after the knockdown selection with preheating at 36°C (McKechnie et al. 1998) . These data completely conform to our results.
The main findings of the present work are 1) a positive correlation between the expression of Hsp40 gene after the applied mild heat treatment and flies thermotolerance; 2) a significant difference in Hsp40 expression level between flies originated from the opposite EC slopes (Figure 4 , Table 5 ). Only a few studies attempted to explore the role of Hsp40 in Drosophila, the majority of Hsp40 tests were carried out on Escherichia coli. Drosophila Hsp40 belongs to the Hsp40 family of proteins that characterized by the presence of the J domain (70 amino acids domain) similar to the E. coli Hsp40, called DnaJ (Pellecchia et al. 1996) . Escherichia coli DnaJ is involved in the protein folding cycle and provides the efficient binding of substrate protein to Hsp70 through the stimulation of the Hsp70 ATPase activity, and consequently, its high affinity to protein (Fink 1999; Hennessy et al. 2005) . A similar process occurs in eukaryotes. Thus, Hsp40 serves as a Hsp70 co-chaperone, although it was proposed that DnaJ may act directly as a molecular chaperone (Szabo et al. 1996) . Drosophila studies support a model in which synergistic interactions between Hsp40, Hsp70, and Hsp90 chaperones modulate the activity of Hsf (heat shock transcription factor, playing essential roles in the responses to physiological stresses) by feedback repression (Marchler and Wu 2001) .
Our findings on the correlation of basal and inducible thermotolerance with Hsp40 gene expression suggest a specific role of Hsp40 in D. melanogaster thermostability. Weak expression of Hsp40 gene in NFS flies after the heat treatment, whereas strong expression of Hsp23 and Hsr-x, and strong expression of all 3 tested genes (Hsp40, Hsp23, and Hsr-x) after heat treatment in flies from the opposite (SFS) slope may reflect different regulation patterns. The role of heat shock transcription factor in regulation of heat shock proteins is well documented. However, Hsf-independent regulation was recently confirmed by Neal et al. (2006) .
The authors showed that transcripts of the Hsp40, Hsp83, and gstE1 genes were significantly upregulated in Drosophila Hsf mutant (Hsf 4 which has been reported to be unable to produce inducible Hsp in response to heat shock), whereas others Hsp remained intact. Thus, Hsp40 is not just a Hsp70 co-chaperone, but it also plays an essential role in Drosophila thermoprotection. Hsp70 is the major inducible heat shock protein of Drosophila, and Hsp70 gene is expressed in larvae and pupae exposed to thermal stress in nature (Feder et al. 1997) . Although the interaction of Hsf and Hsp70 is well documented, no correlation was found between the level of Hsf activation and degree of Hsp70 and Hsf interaction (Rabindran et al. 1994) . Hsp70 was found to be essential to survive a severe heat shock but not required to survive a mild heat treatment (Gong and Golic 2006) .
The increased levels of the small heat shock proteins and Hsp70 do not ensure thermotolerance when activity of other Hsp (Hsp90) is repressed by specific inhibitors (Duncan 2005) . Hsp90 is associated with Hsp70 to restrict the induction of heat shock proteins by Hsf deactivation. The author supposed that the multicomponent protein chaperone complex (Hsp90 and Hsp70) switches the cessation of Hsp synthesis, the restoration of normal translation, and, probably, increases thermotolerance. Based on our data on remarkably high positive correlation between the variation in both basal and inducible thermotolerance scores and expression of the Hsp40 gene, we assume an autonomic regulation pathway for Hsp40 and suggest that a 3-component complex of heat shock proteins (Hsp90, Hsp70, and Hsp-40) participates in the regulation of Hsf activity and, consequently, in the onset of the stress response ensuring Drosophila thermotolerance.
Findings on relatively high and consistent differences in thermotolerance between Drosophila lines originated from the opposite EC slopes , corroborate the presented Hsp40 gene expression results, suggesting genetic basis of this occurrence. We assume that local conditions determine the patterns of thermotolerance. SFS flies have seemingly developed an adaptive response to heat stress because long-term exposures to elevated temperatures induce tolerance to more severe temperatures. It seems likely that NFS flies have, in general, more opportunities to avoid direct sun radiation and high temperatures by moving to shady areas. Klose et al. (2005) found that Drosophila larvae subjected to stressful (heat shock) conditions can move to more tolerable habitats. In our case, SFS flies are actually deprived of such an opportunity due to the absence of shady sites (savannoid open space) on the SFS. Certainly, induction of heat shock proteins is not the only mechanism to afford heat tolerance. Thermal adaptability also includes other systems: protection against osmotic stress, modification of enzymes and cell membrane components, etc. The heat-protecting mechanisms work at different levels: cells, tissues, organs, organisms, and species. Thus, the evaluation of a specific heat shock proteins contribution to heat resistance is a complicated problem requiring the combination of genetic, ecological, and physiological studies. 
